Abstract-Efficient frequency conversion into and out of the millimeter wave frequency band has been demonstrated using photonic link signal mixing with cascaded optical modulators. By adjusting the modulator bias point and KF drive power to the modulator introducing the local oscillator signal at f~o = 8.8
NALOG photonic links are potentially useful for many applications requiring high-speed antenna remoting or RF signal distribution. Size, weight, bandwidth, and low optical transmission loss are the primary advantages of optically transmitting high-frequency analog information. However, as the frequency of operation increases, limitations in optical modulation and detection efficiency result in high RF insertion loss for single modulator broadband transmission. For suboctave bandwidth transmission systems operating at high center frequency, another approach is possible. A millimeter wave (MMW) photonic mixer composed of a cascaded optical modulator link [1]- [4] or a single modulator link with heterodyned lasers [SI can be used to increase the overall link efficiency. Eliminating the intermediate electronic conversion from RF to MMW, this photonic mixer approach benefits from using a low half-wave voltage (Vn) modulator to introduce the information signal for upconversion and an efficient photodetector to recover the information signal for downconversion. This letter focuses on the cascaded modulator approach to achieve efficient MMW frequency translation.
A schematic of the cascaded integrated optical modulator (IOM) photonic mixer is shown in Fig. 1 . In this case, polarization-maintaining fibers (PMF's) are used to connect a polarized optical laser source to the cascaded IOM's and the modulated output after the second IOM is remoted through a standard single-mode fiber (SMF) to a photodetector. A low noise amplifier (LNA) is required to obtain RF transparency at f s and a power amplifier (PA) is required to achieve a high modulation depth local oscillator (LO) optical signal at f~o . [1]- [4] . In this paper, the cascaded modulator approach is used with the LO signal derived from either the fundamental, second, or fourth harmonic of the modulator RF output to produce efficient conversion to N f L O * f s where N = 1, 2 or 4. With the LO modulator driven at 8.8 GHz and RF powers ranging from +25 to +35 dBm, a 1.1 GHz information signal is upconverted to 9.9, 18.7, and 36.3 GHz with measured conversion loss of 4.8, 6.3, and 7.5 dB, respectively. Using the fourth harmonic of the LO modulator signal driven at 8.8 GHz, downconversion from 36.3 GHz to 1.1 GHz with a loss of 7.0 dB has also been measured.
Aside from RF link loss at f s , the cascaded modulator photonic link with an RF overdriven Mach-Zehnder modulator biased at quadrature has previously achieved a 4.7-dB conversion loss from f s to f L O * f s [4] . A drawback of using this MMW frequency converting photonic link technique is that a modulator with a low V, near the desired transmit frequency is required to maintain a reasonable electrical drive power for minimum conversion loss. A 10 V half-wave voltage already implies an input MMW electrical drive power exceeding $30 dBm to optimally overdrive the modulator. As the modulation frequency is increased, the modulator half-wave voltage increases resulting in a decrease of the modulation efficiency. An optical modulator with adequate MMW modulation response has been an elusive device although some encouraging results have been reported [6], [7] .
One means of circumventing the modulator bandwidth limitation is to drive the appropriately biased modulator introducing the LO signal at l / N the desired LO frequency, N an integer, and rely on the efficient harmonic carrier generation that can be obtained with these devices. In this manner, efficient modulator response is only required at 1/N times the desired transmit frequency range. Taking MMW spectrum out to 4 f~o is possible which reduces the potential intermodulation distortion problem associated with uindesired frequency components. The predicted attainable collversion losses and the corresponding RF drive voltages (listed in terms of V,) using the above approach for N = 1 through 10 are summarized in Table I , although experimental verification has been limited to N = l, 2, and 4 for this letter.
To verify these frequency conversion results in the MMW range, an LO frequency of 8.8 GHz and a signal frequency of wave voltage at 1.1 GHz, a lithium niobate travelling-wave LO modulator with 6-dB optical insertion loss and 11-V half-wave voltage at 8.8 GHz, a 45-mW Nd:YAG solid-state laser emitting at 1.32 pm, and a 45-GHz optical detector with a fiber-coupled responsivity of approximately 0.2.5 A N . Optimum LO modulator electrical drive powers of $26 dBm, f 3 1 dBm, and +3.5 dBm have been used to produce the signals at 9.9, 18.7, and 36.3 GHz, respectively. The spectrum traces showing the link Output powers at '.' and 36.3 GHz are displayed in Fig. 3 . After the detector frequency response has been calibrated out, conversion losses of 4.8, 6.3, and 7.5 dB are measured for 9.9, 18.7, and 36.3 GHz upconverted signals, respectively.
Compared with single modulator link transmission at 36.3 GHz, the above upconverting link transmission approach becomes attractive if the MMW modulator operating at 36.3
GHz has a V, of 2.5 times or greater than that of the low- Further improvements on the MMW modulator efficiency will only extend the usefulness of this technique to frequencies greater than 100 GHz. Frequency downconversion is also possible with the cascaded modulator approach. Using the fourth harmonic of the 8.8-GHz driving signal as the high-side LO signal, a 34.1-GHz signal is introduced to a MMW optical modulator and the downconverted signal at 1.1 GHz is recovered. A lithium niobate travelling-wave modulator with a 7-dB optical insertion loss and a 15-V half-wave voltage at 34.1 GHz is used for this downconversion configuration. A conversion loss of only 7.0 dB has been measured which is slightly better than simulation predicted. For these frequency conversion loss measurements, an experimental uncertainty of +0.2 dB is estimated. The discrepancy between measurement and simulation as well as the difference in the measured upconversion and downconversion losses is not clear at this time. The 15-V half-wave voltage of the MMW optical modulator used for this experiment results in high-RF link loss for the MMW transmission. This approach for downconversion will become using a phase noise test set (HP 3048A + HP 8662A) and a programmable microwave downconverter (HP 11 729C). Due to the limited bandwidth (18 GHz) of the microwave downconverter, only 8.8-and 17.6-GHz signal phase noise are measured as shown in Fig. 4 . From Fig. 4 , the phase noise of the 8.8-and 17.6-GHz signals at 1 kHz offset are -95 and -89 dBc/Hz respectively. These phase noise results are as good as the measured phase noise of the electrical signals obtained from the LO driving source (HP 8341B) at the respective frequencies. A residual phase noise measurement comparing the LO driving signal and the optical signal at f~o = 8.8 GHz shows an output of -130 dBc/Hz at 1 kHz offset, revealing ultra low added phase noise to the LO drive source. At lower frequency, a premium 1.28 GHz synthesizer (HP 8662A) has also been used as an LO drive source and synthesizer limited phase noises of -107 and -119 dBc/Hz at 1 kHz offset have been measured for optical signals generated at 4 f~o and f~o ( f~o = 1.27 GHz), respectively. The phase noise increments of the optical signals from both LO to 2 f~o and f~o to 4 f~0 are about 6 dB and 12 dB, respectively. Thus the effect of optical frequency multiplication by N results in phase noise power increase by N 2 , similar to an electronic frequency multiplier [SI. This also implies the phase noise for the 35.2-GHz signal at 1 kHz offset should be -83 dBc/Hz using the HP 8341B as the drive source at 8.8 GHz. Better phase noise could be obtained at this frequency if a premium source operating at 8.8 GHz is available.
In summary, a cascaded optical modulator link has been used along with low phase noise harmonic carrier generation to produce efficient MMW upconversion and downconversion. This approach is useful for extending the operating frequency of analog photonic links beyond the limit presently imposed by the modulation efficiency of MMW optical modulators. 
